Duchenne muscular dystrophy (DMD) is a lethal X-linked disease caused by the absence of functional dystrophin. Abnormal excitation-contraction (E-C) coupling has been reported in dystrophic muscle fibers from mdx mice and alterations in E-C coupling components may occur as a direct result of dystrophin deficiency. We hypothesized that muscle specific overexpression of IGF-I would reduce E-C coupling failure in mdx muscle. Mechanically-skinned EDL muscle fibers from mdx mice displayed a faster decline in depolarization-induced force responses (DIFR), however, there were no differences in sarcoplasmic reticulum (SR)-mediated Ca 
INTRODUCTION

Duchenne muscular dystrophy (DMD) is caused by mutations in the dystrophin
gene and results in a progressive decline in skeletal, cardiac and smooth muscle function (3, 22) . Several impairments in function have been characterized in the skeletal muscles of mdx mice, a widely used animal model that harbors a mutation in the dystrophin gene and lacks functional levels of the dystrophin protein (42). Skeletal muscles from mdx mice undergo cycles of degeneration and regeneration and have lower maximal forces when corrected for overall muscle cross-sectional area (i.e. normalized or specific force) (28). A deeper understanding of the intracellular mechanisms responsible for these pathologic effects in dystrophic muscle will help provide the basis for developing novel therapeutic interventions for DMD, beyond correction of the primary genetic defect.
The dystrophin-associated glycoprotein complex (DGC) is a multimeric array of membrane and cytoskeletal proteins that links the extracellular matrix with the cytoskeleton. In skeletal muscle, the DGC is composed of dystrophin, the syntrophins, the dystroglycans, and the sarcoglycans. The importance of the DGC is evident from the fact that a deficiency of almost any of its components constitutes a primary cause of one or more forms of muscular dystrophy. A number of members of the DGC are directly associated with components of E-C coupling. A number of sarcoglycan subunits and dysferlin have been found to directly interact with skeletal muscle sarcoplasmic reticulum (SR) (16) and the dihydropyridine receptor (DHPR) (1), respectively. Considering that dystrophin associates with both sarcoglycans and dysferlin through the DGC, dystrophin is thought to be closely associated with both the sarcolemma and t-system. Abnormal E-C coupling has been reported in dystrophic muscle fibers from mdx mice (9, 33, 52) , and release in dystrophic muscle (53) . Similar results have been obtained in mechanically skinned fibers from the extensor digitorum longus (EDL) muscle of mdx mice (34) . Direct activation of RyR-mediated SR Ca 2+ release induced with submaximal caffeine concentrations (2-7 mM) is depressed in mechanically skinned EDL muscle fibers from mdx mice compared with controls (34) . These results support the hypothesis that intrinsic changes in RyR1-mediated SR Ca 2+ release play a role in defective E-C coupling responses in dystrophic muscle. However, this effect may not be the only impairment in E-C coupling in dystrophic skeletal muscle.
Force production during repeated t-tubular Na + -depolarizations decreases at a faster rate in mechanically skinned EDL muscle fibers from mdx compared with control mice (34) . This effect, coupled with a reduced repriming rate of depolarization-induced contractile responses (DIFRs) and a reduction in SR Ca 2+ release, illustrate several potential sites of E-C coupling impairments in dystrophic muscle (34) . It is of great interest to identify and characterize factors that could potentially prevent or reverse these (55, 56) . E-C coupling failure occurs in aged skeletal muscle (7, 33, 38) and a series of studies have established that IGF-I overexpression can prevent agerelated decreases in the number of DHPRs, charge movement, the amplitude of action potential-induced SR Ca 2+ transients, and specific force (21, 38, 49) . Given the similarities to age-related changes in E-C coupling, it is surprising that the effects of sustained IGF-I overexpression on E-C coupling have not been investigated in dystrophic skeletal muscle.
In this study, our aim was to investigate the effects of IGF-I on various aspects of E-C coupling in single muscle fibers from dystrophic mice. We assessed E-C coupling in mechanically skinned single muscle fiber segments from wild-type non-dystrophic 6 control C57BL/10ScSn mice (hereafter referred to as BL/10), littermate transgene null dystrophic mice (simply referred to as mdx), and transgenic dystrophic mdx mice that overexpressed the IGF-I (Class 1-Ea isoform) in skeletal muscle (mdx/IGF-I) (40) . We also measured changes in transcript levels of specific E-C coupling components to test the hypothesis that transgenic overexpression of IGF-I in the skeletal muscles of mdx dystrophic mice would increase the expression of DHPR subunits, prevent the rapid decline in DIFRs, and attenuate E-C coupling failure.
METHODS
Experimental design. All procedures were approved by the Animal Experimentation Ethics Committee of The University of Melbourne and conformed to the Guidelines for the Care and Use of Experimental Animals described by the National Health and Medical Research Council (Australia). Twenty to twenty-four week old male C57BL/10ScSn (BL/10), C57BL/10ScSn-mdx/J (mdx; dystrophic) and transgenic mdx mice that over-express the IGF-I Ea isoform in skeletal muscle driven by the myosin light chain (MLC) promoter were used (mdx/IGF-I). The transgenic mice were generated by interbreeding of mdx mice with IGF-I transgenic mice (31) as described previously (2, 40) . Genotyping was performed using DNA extraction and polymerase chain reaction Mechanically skinned single muscle fibers. Mice were anesthetized with pentobarbital sodium (Nembutal, Rhone Merieux, Pinkenba, QLD, Australia, 60 mg/kg, i.p) and the right EDL muscle was surgically excised for single fiber analysis. The muscle was blotted on filter paper and placed in a Petri dish containing paraffin oil at room temperature. Muscles were pinned at resting length to the base of a dish that was layered with Sylgard gel (Dow Corning, Midland, MI, USA). Single muscle fibers were isolated from as close to the surface of the muscle as possible and the sarcolemma peeled away from the t-tubular membrane and contractile apparatus under a dissecting microscope using fine forceps, as described previously (43). The mechanically skinned fiber was then attached to one end of a piezoresistive force transducer (AE801 SensoNor, Horten, Norway) using braided silk (Deknatel, size 10 [0.2 mm]) and the other end of the fiber was clamped between a pair of forceps fixed to a micromanipulator (17). Average sarcomere length of each fiber was adjusted to a length slightly longer than optimal in order to reliably measure depolarization-induced force responses (DIFRs), as described previously (34) . All experiments were conducted at room temperature (23 ± 2 °C).
The compositions of solutions and experimental procedures have been described thoroughly elsewhere (19, 25, 35, 37, 43 Depolarization-induced force responses. Mechanically skinned muscle fibers were polarized by incubating the fiber in a potassium hexamethylenediamine-tetraacetic acid solution (K-HDTA) for 2 min. The t-tubular membrane system was then depolarized by rapidly transferring the fiber into a sodium (Na)-HDTA solution, causing a transient depolarization induced force response (DIFR). The muscle fiber was repolarized in the K-HDTA solution for 30 sec before eliciting another depolarization in the Na-HDTA solution, as described previously (34) . This protocol was repeated to produce DIFRs until the peak amplitude of the DIFR had reached less than 50% of the initial value (n > 10 fibers per group).
In order to test the acute effects of IGF-I exposure on DIFRs, EDL muscles from mdx mice were surgically excised and incubated in saline (control) or saline containing 10 Og/ml Long-R 3 -IGF-I (Gropep, Adelaide, SA, Australia) for 15 min. Muscles were blotted on filter paper, isolated skinned fiber segments under paraffin oil, and DIFRs assessed as described previously (n = 11 fibers per group). Properties of the contractile apparatus. After SR properties were investigated, the single muscle fibers were equilibrated in a relaxing solution (pCa > 9) for 2 min.
Caffeine induced force responses and SR Ca
Fibers were placed in a maximum Ca Student's t-test was also used as appropriate.
RESULTS
Overexpression of IGF-I attenuates E-C coupling failure in dystrophic muscle
fibers. Transient DIFRs were evoked by rapid substitution of K-HDTA for Na-HDTA in mechanically skinned muscle fibers. During a protocol of repeated depolarizing and depolarizing events, fibers from EDL muscles of mdx mice demonstrated a more rapid decline in DIFRs compared with controls, as reported previously (34) . Rundown in DIFRs to 50 % of peak amplitude occurred in 4.1 ± 0.5 and 12.5 ± 0.6 min in skinned fibers from mdx and BL/10 mice, respectively (P < 0.05; Fig. 1A and B; n = 12 fibers per group). Transgenic overexpression of IGF-I in the skeletal muscles of mdx mice (mdx/IGF-I) prevents the rapid rundown in DIFRs, such that time course was similar to controls (10.1 ± 0.6 min; Fig. 1A and B; n = 10 fibers). Importantly, when EDL muscles from mdx mice were bathed in IGF-I, the rundown in DIFRs was not different from saline controls (5.9 ± 0.7 min; acute IGF-I treatment compared with 4.8 ± 0.3 min saline control; Fig 1C; n = 11 fibers per group, P = 0.14). These results indicated that longterm overexpression is the important underlying mechanism for the IGF-I-mediated changes in E-C coupling rather than an acute effect of IGF-I on DIFR.
IGF-I overexpression increases dihydropyridine receptor isoforms critical for
Ca
2+
regulation. Semi-quantitative RT-PCR analysis showed that transcript levels of the majority of E-C coupling components linking the t-tubular system to SR Ca 2+ release were unchanged in EDL muscles of mdx and BL/10 mice with one notable exception Page 12 of 35 ( Fig. 2) . Transcript levels of DHPRE2W2 were reduced significantly in EDL muscles of mdx mice compared with controls (P < 0.05; Fig. 2 ). Transcript levels of SERCA2a and sarcolipin were higher in EDL muscles of mdx mice compared with controls (P < 0.05; Fig. 2 ). Transgenic overexpression of IGF-I in dystrophic skeletal muscle did not alter transcript levels of the majority of the E-C coupling components, except for specific DHPR subunits. Transcript levels of DHPRE1, DHPRX1 and DHPRE2W2 were higher in EDL muscles of mdx/IGF-I mice compared with littermate mdx mice (P < 0.05; Fig. 3 ). (Table 1) . However, EDL muscle fibers from mdx/IGF-I mice demonstrated a 57% and 62% reduction in passive SR Ca 2+ leak compared with fibers from mdx and control BL/10 mice, respectively (P < 0.05; Table 1 ).
IGF-I overexpression increases force production, increases Ca
It has been demonstrated that sensitivity of the RyR to caffeine is significantly lower in mechanically skinned single fibers from mdx mice than control BL/10 mice (32).
We repeated this experiment to determine if overexpression of IGF-I caused any changes in the sensitivity of the Ca 2+ release channel to caffeine. When muscle fibers from control mdx mice were exposed to K-HDTA solutions containing 2, 3, 5, or 7 mM caffeine and 50 µM EGTA, submaximal force responses were observed. When normalized to the maximum Ca 2+ -activated force for each fiber, force increased progressively with increasing concentrations of caffeine (n = 10 for all groups, P < 0.05; 
DISCUSSION
In this study we demonstrate for the first time that transgenic overexpression of Class 1 IGF-I Ea isoform attenuates E-C coupling failure in EDL muscle fibers of dystrophic mdx mice. IGF-I restored the time course of repeated DIFRs in dystrophic muscle to levels equivalent to those of non-dystrophic muscle fibers, an effect associated with increased transcript levels of multiple subunits of the DHPR involved in Ca This is an interesting finding that warrants further investigation since it highlights a loss of E-C coupling as a contributing mechanism in the pathophysiology of skeletal muscles in mdx dystrophic mice.
Regardless of differences between studies, IGF-I overexpression in mdx muscle prevented a faster rundown in DIFR. These changes occurred despite similar transcript levels for mdx and non-dystrophic muscle for the majority of E-C coupling components responsible for t-tubular signal propagation and coupling to SR-mediated Ca subunit and while it is not strictly necessary for E-C coupling (32), the probable role of the E2W2 subunit is in the lifetime of the channel complex in the plasma membrane, either Page 17 of 35 by enhancing trafficking to the plasma membrane or by reducing turnover of channels (13) . Interestingly, transcript levels of DHPRE2W2 were decreased in EDL muscles of mdx mice and increased in mdx/IGF-I mice, highlighting an attractive candidate for investigation in DMD and other myopathies.
IGF-I overexpression also increased the sensitivity of the contractile apparatus to Ca 2+ , as evidenced by the leftward shift of the force-pCa relationship. This effect could effectively compensate for impairments in E-C coupling as it would result in increased force production at a lower [Ca 2+ ]. As such, even if DHPR-coupled RyR1-mediated Ca 2+ release was impaired to some extent in dystrophic muscle (52) , an increase in Ca 2+ sensitivity may compensate and allow some degree of force production. Muscle fibers from EDL muscles of mdx/IGF-I mice also displayed 39% and 69% higher specific forces (sP o ) compared with fibers from mdx and control mice, respectively (P < 0.05; Table 1 ).
This finding suggests that at the cellular level, IGF-I-mediated changes in dystrophic muscle E-C coupling may include additional alterations in the contractile apparatus, such as changes in troponin C or in myosin heavy chain isoforms (4). While these factors are important for understanding IGF-I influences on the contractile apparatus in mdx muscle fibers, their investigation is beyond the scope of the present study.
IGF-I is known to acutely increase charge movement through DHPRs and increase peak tetanic Ca 2+ in aged skeletal muscle (8). We hypothesized that the same would happen in dystrophic skeletal muscle as evidenced by an increase in DIFR. As such, we tested the effect of acute exposure to exogenous IGF-I on mechanically skinned muscle fibers from mdx mice and showed no alterations to E-C coupling as measured by E-C coupling failure has been proposed as a contributing mechanism to the force deficit in skeletal muscle immediately following contraction-induced injury (36, 51, 54) .
We have shown previously that systemic administration of IGF-I at a relatively low dose reduces contraction-induced injury in tibialis anterior muscles of mdx mice (39) . The present study supports the hypothesis that IGF-I reduces muscle damage by attenuating . Refer to Table 1 for specific Hill coefficient and pCa 50 values.
